Although L-arginine is the only substrate for nitric oxide (NO) production, no studies have yet been reported on the effect of an L-arginine deficiency on vascular function in humans. Lysinuric protein intolerance (LPI) is a rare autosomal recessive defect of dibasic amino acid transport caused by mutations in the SLC7A7 gene, resulting in an L-arginine deficiency. Vascular endothelial function was examined in an LPI patient who was shown to be a compound heterozygote for two mutations in the gene (5.3-kbp Alu-mediated deletion, IVS3+1G→Α). The lumen diameter of the brachial artery was measured in this patient and in healthy controls at rest, during reactive hyperemia (endotheliumdependent vasodilation [EDV]), and after sublingual nitroglycerin administration (endotheliumindependent vasodilation [EIV]) using ultrasonography. Both EDV and NO x concentrations were markedly reduced in the patient compared with those for the controls. They became normal after an L-arginine infusion. EIV was not significantly different between the patient and controls. Positron emission tomography of the heart and a treadmill test revealed ischemic changes in the patient, which were improved by the L-arginine infusion. Thus, in the LPI patient, L-arginine deficiency caused vascular endothelial dysfunction via a decrease in NO production.
Introduction
In 1980, Furchgott and Zawadzki demonstrated that the relaxation of vascular smooth muscle cells in response to acetylcholine is dependent on the anatomical integrity of the endothelium. They referred to the factor that is responsible for this intercellular relationship as endothelium-derived relaxing factor (EDRF; ref. 1). EDRF was identified 7 years later as the free radical gas nitric oxide (NO; refs. 2, 3) . NO is produced from L-arginine enzymatically via the action of nitric oxide synthase (NOS; ref. 3) . NO exerts a variety of physiological effects that include vasodilation (3), a decrease in gastrointestinal motility (4), macrophage-induced cytotoxicity (5) , and the inhibition of platelet aggregation (6) . NO is also important in terms of vascular endothelial function (7) (8) (9) . The regulation of the endothelium can be altered by cardiovascular risk factors or disorders, such as hypertension (10), hypercholesterolemia (11) (12) (13) , chronic smoking (14) , diabetes mellitus (15) , or coronary artery disease (16, 17) . L-Arginine improves endothelial dysfunction in these disorders (10) (11) (12) (13) (15) (16) (17) . Because L-arginine is the only physiological nitrogen donor for the NOS-catalyzed reaction (18) , the availability of this essential substrate would be expected to determine the cellular rate of NO synthesis. An L-arginine deficiency could, therefore, lead to a decrease in NO production. However, because L-arginine is, nutritionally, a nonessential amino acid for adult mammals including humans (19) , to our knowledge no investigations have been reported relative to the effect of a deficiency of this substrate on NO synthesis in humans except for our previous report (20) . The effects of NO deficiency on vascular endothelial function using chronic experimental NO inhibition by L-arginine analogues have been reported (21) . However, no information is presently available on vascular function for an L-arginine deficiency in vivo.
Lysinuric protein intolerance (LPI; online Mendelian inheritance in man 222700) is an autosomal recessive disease caused by defective dibasic amino acid (DAA; L-arginine, L-lysine, L-ornithine) transport at the basolateral membrane of the epithelial cell (22) . LPI is characterized by symptoms that include failure to thrive, hepatosplenomegaly, muscle hypotonia, sparse hair, osteoporosis, and life-threatening pulmonary involvement (alveolar proteinosis). Mutations in the solute carrier family 7A member 7 (SLC7A7) gene are the cause of LPI (23, 24) . This mutation results in a deficiency of DAA, and as a result, LPI patients are deficient in L-argi-nine. Thus, patients with LPI may have an impaired function of the vascular endothelium.
In the current study, we describe, for the first time to our knowledge, vascular endothelial dysfunction in an LPI patient with an L-arginine deficiency.
Methods

Subjects.
A 37-year-old Japanese man presented typical clinical findings of LPI that included increased urinary excretion and a low plasma concentration of L-arginine, L-lysine, and L-ornithine, as has been reported previously (20) . His fasting plasma glucose and serum total cholesterol were normal (Table 1) , but he frequently complained of chest pains.
We examined the patient, his mother, and one normal control by means of a mutation analysis. The patient's father died 1 year ago, and it was not possible to investigate his genetic make-up.
Vascular endothelial function was examined before and after an L-arginine infusion in the patient and in ten healthy men between the ages of 30 and 42 years (mean age: 35.3 ± 4.2 years) as normal controls (control A). Endothelium independent vasodilation after nitroglycerin administration was also measured in the patient and in ten healthy men between the ages of 25 and 44 years (mean age: 36.3 ± 4.7 years) as normal controls (control B). The patient had not received L-arginine or nitroglycerin for at least 2 weeks prior to this study. The patient and normal controls were all nonsmokers and were receiving no medication. No significant differences were evident in the baseline values of heart rate and blood pressure between the patient and the controls (Table 1) .
All subjects in this study provided written informed consent.
RT-PCR, genomic DNA amplification, sequencing, and mutation analysis. DNA and total RNA were extracted from peripheral blood leukocytes from whole blood using the QIAGEN Blood & Cell Culture DNA Midi kit and QIAamp RNA Blood Minikit (both, QIAGEN GmbH, Hilden, Germany) following the manufacturer's recommended protocols.
The cDNA sequence of the SLC7A7 gene was obtained from GenBank AJ130718. Oligonucleotide primers based on the cDNA sequence were initially used. Additional oligonucleotide primers were prepared on the basis of the sequenced data generated, when necessary, for extending the nucleotide sequence. Primer sequences are available on request.
Reagents for RT-PCR were obtained from TaKaRa (RNA PCR Kit [avian myeloblastosis virus] version 2.1; TaKaRa, Shiga, Japan), and RT-PCR was performed following the manufacturer's recommended protocol.
Templates for sequencing the SLC7A7 gene were obtained using the PCR method with LA-Taq DNA polymerase (TaKaRa, Shiga, Japan). PCR conditions were as follows: hot start for 3 minutes at 96°C; 35 cycles of denaturing (96°C, 30 seconds), annealing (58°C, 30 seconds), and extension (72°C, 2 minutes).
The PCR products were purified from a 1% agarose gel and sequenced in both directions using an automated DNA sequencer (model 310) using the ABI Prism BigDye Terminator Cycle Sequencing Ready Reaction kit (both, Perkin-Elmer, Courtaboeuf, France).
Study design for vascular endothelial function. Studies were performed in an isolated and temperature-controlled (22-24°C) room while the study subjects were in the fasting state. Heart rate and blood pressure were monitored continuously during the period of the study.
The vasodilator responses in the brachial arteries were measured using an ultrasound technique as described by others (14, 25) . Briefly, the diameter of the brachial artery was measured from B-mode ultrasound images with the use of a 7.5-MHz linear-array transducer (model SSA-380A ultrasound system; Toshiba, Tokyo, Japan). The flow velocity of the brachial artery was measured by means of a pulsed Doppler signal at a 70°a ngle to the vessel with the range gate (1.5 mm) in the center of the artery. The brachial artery was scanned in the antecubital fossa in a longitudinal fashion. When a satisfactory transducer position was located, the surface of the skin was marked, and the arm setting was optimized at the beginning of the study and was thereafter kept constant throughout the recording period.
The subjects lay quietly for 10 minutes before the start of the scan. Baseline measurements of the diameter and flow velocity in the brachial artery and blood sampling for the assay of L-arginine and NO derivatives (NO x ) were performed 30 minutes after an intravenous infusion of saline at a rate of 6.7 ml/min for 30 minutes. After these baseline measurements, a blood pressure cuff was placed around the forearm and inflated to a pressure of 250-300 mmHg. After 4.5 minutes, the cuff was released. The diameter and flow velocity were continuously measured during cuff inflation and after cuff deflation. The flow-mediated dilator response was used as a measure of endothelium-dependent vasodilation (EDV). After a 15-minute rest, an intravenous L-arginine (0.1 mg/ml) infusion was started at a rate of 6.7 ml/min for 30 minutes. Thirty minutes after the end of the infusion, measurements of the diameter and the flow velocity in the brachial artery, and blood sampling were performed. EDV after L-arginine infusion was then measured. This protocol was performed three times at 1-week intervals on the patient, and once for each of the control A (n = 10). On a different day, the diameter was measured before and 4 minutes after the sublingual administration of nitroglycerin (300 µg). The response to nitroglycerin was used as a measure of endotheliumindependent vasodilation (EIV). This protocol was performed five times at least 3-day intervals on the patient, and once for each of the control B (n = 10).
A blood sample from the patient's mother was also obtained and assayed for L-arginine and NO x three times while she was in the fasting state.
Data analysis. Images were recorded on a super-VHS videocassette recorder (SVO-9500MD; Sony Corp., Tokyo, Japan), and brachial arterial diameters were measured from the tape with ultrasonic calipers by two observers who were blinded as to the protocols of the study and the subject grouping. The arterial diameter was measured at a fixed distance from anatomic markers such as a bifurcation, facial plane, or vein observed in cross section by point-to-point measurements. Measurements were taken from the anterior to the posterior interface between media and adventitia (M line) at the end diastole, incident with the R wave on a continuously recorded electrocardiogram (14, 25) . Diameters at four cardiac cycles were analyzed for each scan, and the measurements were averaged. Diameter measurements for reactive hyperemia were taken 45-90 seconds after cuff deflation. EDV was expressed as the percent change relative to that just prior to cuff inflation (taken as 100%). EIV was expressed as the percent change relative to that just prior to nitroglycerin administration (taken as 100%). EDV and EIV were calculated by each observer, and the average results of the two observations were recorded. Doppler flow signal and arterial diameter were simultaneously measured. Blood flow was calculated by multiplying the velocitytime integral of the Doppler flow signal by heart rate and the vessel cross-sectional area of the artery measured at that time. Reactive hyperemia was calculated as the maximum flow recorded in the first 15 seconds after cuff deflation and was divided by the flow during the first resting (baseline) scan (14, 25) .
Determination of serum L-arginine and NO derivatives concentration. The concentration of serum L-arginine and NO derivatives was measured in control A, in the patient, and in his mother.
Serum L-arginine concentrations were measured by means of an amino acid autoanalyzer (model L-8500 with column 2622SC; Hitachi, Tokyo, Japan).
Serum concentrations of NO derivatives nitrite and nitrate were assayed using a Sievers NO analyzer (Taiyo Toyo Sanso, Osaka, Japan) after reduction by vanadium trichloride (Wako Pure Chemicals Industries, Osaka, Japan) using the chemiluminescence method (26) .
Treadmill test and coronary angiography. A treadmill test (TMT) was performed on the LPI patient, according to a modified Bruce protocol. TMT was also performed 30 minutes after an infusion of 200 ml of L-arginine (0.1 mg/ml) on another day. Coronary angiography (CAG) was performed as reported previously (27) .
Positron emission tomography. Myocardial blood flow (MBF) was measured with 13 N-ammonia PET. The PET study was performed with a whole-body PET camera (SET-2400W [Headtome V]; Shimadzu Medico Co., Kyoto, Japan). The spatial resolution in the tomographic plane was 4 mm full-width half-maximum (FWHM) at the center, and the axial resolution was 5 mm FWHM.
The study protocol consisted of two study sessions, both of which were performed in the afternoon. MBF was measured at rest and after an adenosine triphosphate (ATP) infusion without or with an L-arginine infusion on different days in the LPI patient. On day 1, beginning with intravenous 13 N-labeled ammonia administration (740 MBq) in a cubital vein for 30 seconds, dynamic emission images were acquired (12 frames of 10 seconds each and one frame of 600 seconds). Fifty minutes were allowed for the decay of the radiotracer activity before the next image sequence was acquired. ATP was infused intravenously at a rate of 0.16 mg/kg/min for 7 minutes using an infusion pump. Four minutes after the start of the ATP infusion, the administration of 13 N-ammonia (740 MBq) and the image acquisition were started simultaneously. On another day, MBF was measured at rest, and ATP was infused 30 minutes after an infusion of 20 g of L-arginine. The administration of 13 N-ammonia and ATP, and image acquisition were identical to those performed on day 1 (28, 29) .
Quantification of MBF. Regional MBF was calculated according to the two-compartment 13 N-ammonia tracer kinetic model (28) . Twelve regions of interest (ROIs) were placed at the same intervals on a midlevel of shortaxis image. For each of the territories, three ROIs were averaged. The same anatomic landmark (anterior, lateral, inferior, septum) ensured the identical assignment of ROIs for the two-study conditions. A small ROI was centered in the left ventricular blood pool for a determination of the arterial input function. The ROIs were copied to the first 120 seconds of the serially acquired images for generation of the blood pool and myocardial time-activity curves. Tracer spillover was corrected by a least-square nonlinear regression analysis, and MBF was calculated with the assumption that the radioactivity from left ventricle to myocardium was influenced. Coronary flow reserve (CFR) was defined as a ratio of myocardial blood flow during ATP infusion to the flow at rest.
MBF and CFR values for the LPI patient were compared with those of normal controls (n = 9).
Statistical analysis. The results are presented as means ± SD. The statistical significance in comparisons between two measurements and among groups was determined with Welch's t test. An ANOVA for the four groups was performed by the Kruskal-Wallis test, followed by Scheffé's test for multiple comparisons to enable pairwise testing for significant differences between groups. The statistical significance was defined as P < 0.05.
Results
Mutations analysis of the SLC7A7 gene in the patient. The SLC7A7 gene is organized into ten exons with all the splice donor and acceptor sites conforming to the canonical GT/AG rule (30) (Figure 1a) .
Two mutations were found in this patient. The first, inherited from his mother, is about a 5.3-kbp Alu-mediated deletion of genomic DNA from intron 2 to intron 4, and cDNA revealed the deletion of all of exons 3 and 4 (271 bp) (Figure 1b) . The sequences adjacent to the breakpoint were found to be part of two Alu repeats that are located in intron 2 and 4, and which share an overall homology of 66%. The breakpoint sequence was a core 19-bp homologous sequence. The second mutation, assumed to be inherited from his father, is a G→A transition at the splice donor site of intron 3. This mutation has been reported by Sperandeo et al. in one Japanese LPI patient (30) . The donor GT splice site was destroyed by this mutation, resulting in a splicing error at the former donor GT splice site of intron 2 and the deletion of all of exon 3 (126 bp) in the paternal cDNA (Figure 1c) . Both of these two mutations generate a premature stop codon at codon 167 and eliminate the latter two thirds of the protein. Thus, our patient is a compound heterozygote for two mutations (5.3-kbp Alu-mediated deletion and IVS3+1 G→A). The maternal mutation is a novel one in the SLC7A7 gene.
Concentrations of L-arginine and NO derivatives. Serum Larginine concentration in the patient was markedly lower than that in control A (21.1 ± 4.3 vs. 98.2 ± 9.8 nmol/ml; P < 0.001) (Figure 2a) . The serum L-arginine concentration of the patient's mother was 92.5 ± 6.1 nmol/ml (average of three determinations) that was within the normal range. The serum L-arginine concentrations of control A and the patient were both elevated
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The 260.3 ± 54.0 nmol/ml; P = NS) (Figure 2a) . The fasting serum NO x level in the patient with LPI was markedly lower than that of the control A (9.93 ± 1.56 µM; P < 0.0001). The serum NO x level in the patient was significantly elevated after an intravenous administration of L-arginine (29.37 ± 0.85 µM). No significant difference in the serum NO x level in control A was detected before (34.0 ± 4.47 µM) and after (36.5 ± 4.89 µM) an L-arginine infusion (Figure 2b ).
The serum NO x level in the patient's mother was 32.1 ± 2.7 µM (average of three determinations) which was not statistically different from those in the normal controls.
Vascular endothelial function. No significant difference in the flow at rest and after reactive hyperemia was evident between control A and the patient before and after an L-arginine infusion ( Table 2) .
The EDV in the patient before L-arginine infusion was markedly impaired compared with that for the control A (2.80% ± 0.76% vs. 9.95% ± 1.65%; P < 0.0001). After the intravenous infusion of L-arginine, the EDV in the patient was elevated to 10.01% ± 0.30%. No enhancement of EDV with L-arginine in control A was detected (10.31% ± 1.83%) (Figure 2c) .
The EIV was not significantly different between the patient and control B (15.74% ± 2.87% vs. 16.51% ± 2.46%; P = NS) (Figure 2d ). The interobserver variability in the measurements of arterial diameter in this study was 0.04 ± 0.01 mm (n = 41).
TMT and CAG. An electrocardiograph (ECG) of the patient at rest was normal. The TMT without L-arginine infusion was discontinued because of chest pain. The TMT revealed a 0.15 mV horizontal ST depression in leads II, III, aVf, V4, V5, and V6 at 80 microseconds after the J point. The onset of depression of 0.1 mV was at 7.5 minutes of exercise, persisting until 3 minutes in the recovery period. The peak heart rate was 150 beats per minute, and the peak blood pressure was 157/74 mmHg, giving a double product of 23,550. After the L-arginine infusion, the patient reached the target heart rate without chest pain, and no ST depression was detected. The peak heart rate was 178 beats per minute, and the peak blood pressure was 169/87 mmHg, giving a double product of 30,082. His CAG revealed a normal coronary artery with no atherosclerotic irregularities.
PET study. The MBF and CFR values for the patient are listed in Table 3 . At rest, no reduction was observed in the average MBF value for the patient (0.80 ml/g/min and 0.63 ml/g/min). However, the average MBF value at ATP infusion of the patient was lower than that of the control (1.65 ml/g/min vs. 1.98 ± 0.46 ml/g/min). The MBF value at ATP infusion of the patient was reduced especially in the anterior wall. The average CFR value was markedly lower in the patient than that in the normal control (2.10 vs. 3.56 ± 0.65). The MBF and CFR values were both significantly improved after L-arginine infusion (2.68 and 4.33, respectively) (Table 3; Figure 3 ).
Discussion
The present study showed that an L-arginine deficiency causes vascular endothelial dysfunction via a decrease in NO production in this LPI patient. NO plays an important role in vascular endothelial function. Because L-arginine is the only substrate for the NOScatalyzed reaction (18) , the availability of this substrate is, therefore, critical in regulating NO production. The rate of NO formation is dependent on the concentration of L-arginine (31) . A study of vascular endothelial function in an L-arginine-deficient state is important in terms of clarifying the role of L-arginine in vascular function. However, no studies of endothelial function in an L-arginine deficiency in vivo are currently available. Because L-arginine is, nutritionally speaking, a nonessential amino acid for adult mammals, including humans (19), L-arginine-deficient animals are not readily available for in vivo studies. Only two investigations have reported the effect of an L-arginine deficiency on NO synthesis in vivo. One involved the use of an animal model using rats, in conjunction with a massive resection of the small intestine (30) , the other is the case of a human subject with LPI that we reported previously (20) . Palmer et al. reported that bovine aortic endothelial cells, when cultured in a medium deficient in L-arginine, released little NO (32) . In the case of LPI patients, serum L-arginine concentration is very low, although the enzymes of the urea cycle have normal activities (22) . To elucidate the relationship between an L-arginine deficiency and vascular endothelial function, NO levels and vascular endothelial function were examined for an LPI patient with an L-arginine deficiency. LPI is a rare autosomal recessive disease caused by an abnormality in the dibasic amino acid transporter (y + L amino acid transporter 1; y + LAT1) at the basolateral (antiluminal) membrane of the epithelial cell in small intestine and renal tubules (22) . The abnormality of the y + LAT1 leads to an impairment in intestinal absorption and a renal loss of dibasic amino acids (DAA; L-arginine, L-ornithine, L-lysine), resulting in a deficiency of DAA in LPI patients. Recently, the SLC7A7 cDNA that encodes for the y + LAT1 has been cloned, and mutations in this gene have been reported in LPI patients (23, 24, 30, 33) . The findings herein show that the patient is a compound heterozygote for the two SLC7A7 gene mutations. The mutation in the maternal allele is a large Alu-mediated deletion in the SLC7A7 gene. This represents a novel mutation. The paternal mutation is a splicing mutation in the gene (IVS3+1 G→A). This is the same mutation that Sperandeo et al. reported in another Japanese LPI patient (30) . Mykkanen et al. reported that some of the LPI mutations, including missense mutations (1287T→G) and short deletion (1291del CTTT, 1548delC), showed no enhancing effect of amino acid transport function with 4F2hc (the surface antigen 4F2 heavy chain) (33) . Both mutations in our patient
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Figure 3
PET of heart in the patient before and after L-arginine infusion. Coronary artery function was investigated in the patient, using PET of the heart with 13 N-ammonia at baseline (a and b) and after adenosine triphosphate (ATP) infusion (c and d). On another day, we also investigated the coronary artery function in the patient, using PET of the heart with 13 N-ammonia 30 minutes after a 200-ml L-arginine (0.1 mg/ml) infusion at the baseline (e and f) and after an ATP infusion (g and h). The short axis images (a, c, e, and g) and the vertical long axis images (b, d, f, and h) are shown.
results in the loss of the latter two thirds of the y + LAT1, which includes these mutation sites. Although we did not measure the y + L transport activity, it is likely that both mutations also would be expected to lead to no or very low y + LAT1 activity. The reduced serum concentration and increased urinary excretion of L-arginine in this patient confirmed that he has a chronic deficiency of L-arginine, as we reported previously (20) . NO x levels were determined by the chemiluminescence method. This is the method by which Palmer et al. measured NO from endothelial cells for the first time (3). The mean NO x concentration of the normal control in this study was 34.0 µM. This is in nearly the same range as in other previous reports (26, 34) . The NO x concentration in our patient was reduced to 32% of that in the normal controls. The decline in plasma NO x levels is as significant as that of N G -monomethyl-L-arginine (L-NMMA; 1 mg/kg/min), which, when infused into a human, reduced plasma NO x levels to 35% (35) . The same effect could be the result of an impaired denitrosylation of derivatized end products. However, the finding that NO derivatives were elevated to a normal level after L-arginine infusion suggests that the decrease in NO x levels in the patient was caused by the low serum L-arginine.
In the patient's mother, a heterozygote for the SLC7A7 gene (5.3-kbp Alu-mediated deletion), the concentrations of L-arginine in the blood and urine were normal, as was the NO x level in the blood. This indicates that the apparent L-arginine metabolism is not altered in a heterozygote for the mutation observed in the patient's mother.
The reason for why the blood pressure of the patient is normal contrary to such a low concentration of NO derivatives remains unknown. Some presently unidentified system might compensate for the blood pressure in the case of a patient in a state of chronic NO deficiency.
In LPI patients, not only L-arginine but also L-lysine is deficient. L-Lysine is a competitive antagonist of L-arginine uptake, and Simmons et al. reported that L-lysine suppressed NO production (36) . A lysine deficiency causes poor growth and prominent osteoporosis, and L-lysine administration is tolerated well by patients with LPI (37). However, supplementation of only L-lysine in LPI patients would cause a more reduced NO production.
We previously reported a decrease in the platelet count and an increase in the plasma levels of the thrombinantithrombin III complex (TAT) and fibrin degradation products (FDPs) in this patient (20) . The intravenous administration of L-arginine or transdermal nitroglycerin administration increased the platelet count and reduced plasma TAT and FDP levels. The reduced NO concentration in the LPI patient increased after L-arginine administration. These results indicate that intravascular coagulation is exacerbated by an L-arginine deficiency in the LPI patient via a reduced NO production. This is the first report that clarifies the pathophysiology caused by a decreased NO production in an LPI patient.
In the current study, vascular endothelial function was investigated using an ultrasound technique. Arterial dilatation in response to flow increase has been shown to be dependent on endothelial function (7, 38) . Endothelium-dependent vascular dilatation is largely due to the release of NO, and flow-dependent dilatation of the human peripheral conduit artery can be used as a test for the L-arginine/NO pathway in clinical studies (7, 9) . The increase in brachial arterial diameter in normal controls (9.95% ± 1.65%) in this study is nearly the same as that reported by others (8.2%-11%) (14, 25, 39) . The administration of L-arginine in healthy controls did not cause an enhancement in EDV as reported in a previous study (40) .
The increase in brachial arterial diameter in the patient was reduced to 28.1% of that in the controls. This is as severe as that observed for patients with coronary artery disease (28%) (41) and is more severe than that reported for chronic smokers (52%) (14) . An abnormality in endothelium-dependent arterial reactivity has been reported in hypertension (10), hypercholesterolemia (11-13), chronic smoking (14) , diabetes mellitus (15) , and coronary artery disease (16, 17) , all of which were excluded in the subjects participating in the present study. Because the response to nitroglycerin, a direct relaxant of smooth muscle, was preserved in the patient, the data herein suggest that the reduced L-arginine concentration in the LPI patient was the cause of the vascular endothelial dysfunction. Consistent with this hypothesis, the supplementation of L-arginine normalized both NO concentrations and vascular endothelial function in the patient. To the best of our knowledge, this is the first report that clearly shows that a deficiency of L-arginine causes vascular endothelial dysfunction via a decrease in NO production in humans.
Endothelial NOS (eNOS) gene polymorphism is associated with plasma NO metabolite levels in humans (42) , and a Japanese group reported that mutations in the eNOS gene are associated with coronary spasms (43, 44) . L-NMMA decreases NO production in humans in vivo (45) and reduces the luminal diameter of coronary arteries in healthy humans in a dose-dependent manner (46) . Coronary artery function was tested using a TMT and a PET of heart in the LPI patient. Both the TMT and PET revealed ischemic changes, which were improved by an L-arginine infusion. The patient's chest pain was also improved after L-arginine infusion. No coronary artery stenosis or atherosclerotic changes were observed in coronary arteriography. This indicates that the ischemic symptoms and positive TMT and PET studies observed in this individual were due to alterations in vascular reactivity.
L-Arginine improves endothelial function in cardiovascular diseases such as coronary heart disease (16, 17) or in risk factors such as hypercholesterolemia (11) (12) (13) or diabetes mellitus (15) . A lack of L-arginine has been suggested as a possible cause in patients with syndrome X (patients with angina pectoris and a normal coronary arteriogram), and Egashira et al. reported that L-arginine supplementation improved endothelium-dependent coronary vasodilation in patients with syndrome X (47). Lerman et al. proposed the use of L-arginine as a therapeutic option for patients with coronary endothelial dysfunction (48) . Our results provide support for the benefit of L-arginine in terms of improving vascular endothelial function. In conclusion, we were able to show that an L-arginine deficiency caused vascular endothelial dysfunction via a decrease in NO production in an LPI patient.
